Risdiplam (RG7916, RO7034067) is an orally administered, centrally and peripherally distributed, survival of motor neuron 2 (SMN2) mRNA splicing modifier for the treatment of spinal muscular atrophy (SMA). The objectives of this entry-into-human study were to assess the safety, tolerability, pharmacokinetics (PK) and pharmacodynamics of risdiplam, and the effect of the strong CYP3A inhibitor itraconazole on the PK of risdiplam in healthy male volunteers.
Introduction
Spinal muscular atrophy (SMA) is a severe, progressive, neuromuscular disease caused by deletions and/or loss-offunction mutations in the survival of motor neuron 1 (SMN1) gene [1] . SMA is characterized by the degeneration of α-motor neurons in the ventral horns of the spinal cord. This leads to muscle atrophy and, depending on the type of SMA, loss of physical strength and the ability to walk, eat or breathe [2] . A second SMN gene, SMN2, produces only low levels of full-length (FL) SMN2 mRNA since, in the majority of transcripts, exon 7 is removed by splicing (Δ7 mRNA). SMN2 therefore produces low levels of FL functional SMN protein, which are not sufficient to compensate fully for the SMN1 gene-related deficits [3] . SMN protein is ubiquitously expressed throughout the body and thought to have diverse roles within the cell [4] . Emerging evidence suggests cells and tissue throughout the body may be selectively vulnerable to reduced levels of SMN [5] . Therefore, increasing SMN in both central and peripheral compartments has the potential to have broader therapeutic benefit than targeting motor neurons alone [6] . Modifying SMN2 mRNA splicing to increase the inclusion of exon 7, has the potential to increase SMN2FL mRNA production and subsequently increase levels of functional SMN protein in patients with SMA.
A number of small molecule splicing modifiers with high specificity for SMN2 pre-mRNA, were identified including RO6885247 (RG7800), the predecessor to risdiplam (RG7916, RO7034067) [7, 8] . In the Phase 1 MOONFISH trial of the investigational medicine, RO6885247, in people with SMA (Types 1-3) [9] , there were no serious adverse events (SAEs) or withdrawals due to SAEs. The dosing was suspended in MOONFISH as a precautionary measure due to unexpected observations of retinal toxicity in a chronic toxicity study in monkeys. As monkeys do not possess the SMN2 gene, this finding was considered to reflect off-target toxicity of RO6885247. Further studies to understand the causes of this effect were considered necessary before proceeding with RO6885247 clinical development. The related compound, risdiplam, is an orally administered, centrally and peripherally distributed, splicing modifier with high specificity for SMN2 pre-mRNA [7, 8] , and has received Orphan Drug Designation and US Food and Drug Administration Fast Track Designation [10] . In preclinical studies, an analogue of risdiplam increased survival in SMN Δ7 mice (an experimental model of SMA), restored synapse numbers in the spinal cord and promoted muscle growth resulting in increased muscle size and function [11] . Risdiplam was optimized for pharmacokinetic (PK) characteristics and showed improved specificity at the SMN2 splice target compared with other SMN2 splicing modifiers [12] .
Appropriate selection of dosing in entry-into-human (EIH) and early clinical trials of an investigational medicine is vital to safeguard subjects [13, 14] . In conjunction with conventional approaches, Bayesian adaptive designs can be used to determine dosing decisions and guide dose escalations based on safety, tolerability, pharmacodynamics (PD) and exposure [15, 16] . Following careful starting dose selection based on preclinical data, subsequent doses are selected (up to an approximate 3-fold increase) guided by data from the previous dose level by applying Bayesian adaptive methods [15] .
In this EIH study (NCT02633709) [17] , a maximum exposure was set to limit exposure in each individual subject and a target exposure was identified to assess the potency of risdiplam. Dose selection was guided by Bayesian adaptive design methods. Emergent safety, PK and PD data, and physiologically based PK (PBPK) modelling, were used to determine appropriate doses of risdiplam in the single ascending dose part and to investigate potential food effects and drugdrug interactions (DDIs).
The primary objective of this EIH study in healthy male subjects was to assess the safety and tolerability of oral single ascending doses of risdiplam. Secondary objectives were to investigate the PK of risdiplam, the PD effect of risdiplam on SMN2 mRNA, the effects of food on PK and the effect of itraconazole (a strong CYP 450 3A inhibitor) on safety, tolerability and PK of risdiplam [18] . These data were crucial to advance the clinical development of risdiplam and initiate Phase 2/3 studies in patients with Type 1 and Type 2/3 SMA [19] [20] [21] . To our knowledge, this is the first EIH study to utilize Bayesian adaptive design principles in combination with emergent PD data to guide dose escalation.
Methods

Ethics
The study protocol was reviewed and approved by the Stiching Beoordeling Ethiek Biomedisch Onderzoek Review Board prior to initiation of the study and no modifications were made following receipt of ethical approval. The study was conducted in accordance with the Medicines Evaluation Board, the regulatory authority in The Netherlands and with the principles of the Declaration of Helsinki and Good Clinical Practice. Subjects provided written informed consent prior to undergoing any procedure. The study took place between 07 January and 04 August 2016 at Pharmaceutical Research Associates, Health Sciences, Zuidlaren, The Netherlands.
Subjects
To fulfil the key inclusion criteria for this study, subjects had to be healthy adult males, aged 18-45 years with a body mass index of 18-30 kg m -2 . Subjects were healthy as defined by prestudy medical and surgical history and a complete physical and ophthalmological examination including vital signs, 12-lead electrocardiography (ECG), haematology, blood chemistry, serology and urinalysis. Key exclusion criteria included participation in an investigational drug or device study within 90 days prior to screening, as calculated from the day of follow-up from the previous study. A list of randomized treatment assignments was generated by the sponsor's statistician with an internal validated computerized system (Kit Label Database, version 4.0.1; F. Hoffmann-La Roche, Basel, Switzerland). Subjects were randomized to placebo or active treatment in each cohort. The randomized treatment assignment was allocated from the list sequentially to the subjects. The investigator or designee entered the corresponding subject number for allocation to the cohort in each subject's source data and electronic case report form. SMN1 and SMN2 genotype was determined for all subjects.
Study design
The single-centre study was designed to have three major parts: Part 1 was a randomized, investigator/subject-blind, adaptive single ascending dose, placebo-controlled, parallel study that also studied the effect of food on the PK of risdiplam. Per protocol, Part 2 (food effect) of the study was omitted since an exploratory investigation of the effect of food on the bioavailability of risdiplam was performed in Part 1. Part 3 investigated the PK interaction between itraconazole [18] and risdiplam, using an open-label, one-sequence, twoperiod crossover design. In both Parts 1 and 3, single doses of risdiplam or placebo were administered orally as a drinking solution together with degassed Sprite (as risdiplam is sensitive to degradation at a higher pH). The subjects, investigator and all individuals in direct contact with the subject at the investigational site (except the on-site pharmacist) were blinded to treatment allocation.
Part 1: single ascending dose
The starting dose of 0.6 mg risdiplam was selected as it was expected to be well tolerated and it was predicted to be associated with no or only minimal PD effect(s) in humans (≤10% effect of the maximum effect on SMN2 mRNA). This dose is well below the estimated therapeutic dose of 2-22 mg (defined as half of the maximum effect on SMN2 mRNA increase) determined based on PBPK and PK/PD modelling. Further, also based on PBPK modelling, it was predicted that a starting dose of 0.6 mg of risdiplam would be approximately 40-fold below the individual exposure cap of 1500 ng ml -1 h for the area under the plasma concentration curve over 24 h (AUC 0-24h ; see below). Subsequent doses were selected in an adaptive manner during the study based on emerging data ( Figure 1 ). The protocol allowed for up to 69 subjects with at least three active and one placebo subjects per dose level; Table 1 shows the number of subjects and doses of risdiplam. The study consisted of six successive cohorts of 4-5 healthy subjects receiving a single oral dose of 0.6-18.0 mg of risdiplam or placebo. In the first cohort, three subjects were Figure 1 Bayesian decision tree for dose escalation. *Based on the possible range that can be investigated from the assessment of the MTD/safety (cap exposure). PD, pharmacodynamic; MTD, maximum tolerated dose dosed with 0.6 mg under fasted conditions, and two subjects received placebo. To avoid simultaneous exposure of all subjects on the same day, Cohort 1 was split into two groups: a sentinel group of two subjects were dosed on one day (one received active treatment, one placebo) and three subjects were dosed on the following day (two received active treatment, one placebo).
A continual reassessment method (CRM), with control for the probability of over-dosing, based on occurrence of doselimiting events (DLE) and/or based on estimation of PD parameters (e.g. effective dose/effective concentration ED/EC 50 , ED/EC 90 ) was used to inform dose escalation decisions ( Figure 1 ). After each cohort of subjects completed dosing, the model was updated with the DLE observed occurrence and a new maximum tolerated dose (MTD) estimate was derived together with new estimates of PD parameters (e.g. ED/EC 50 , ED/EC 90 ). The selection criteria for subsequent doses were based on DLE probability and precision of the estimation for PK/PD relationship (e.g. percentage coefficient of variation [CV%] from ED/EC 50 , ED/EC 90 e.g. ≤75%; based on estimates obtained from the related compound RG7800). In addition, the dose escalation was planned to be stopped once the dose reached the plateau of the dose/PD, PK/PD relationship (dose or maximum observed plasma concentration [C max ] 3-fold above the ED 90 or EC 90 , respectively).
The highest dose to be tested within the study was planned to lead to a plasma exposure not greater than 1500 h ng ml -1 for AUC 0-24 h in any individual subject. This exposure cap was based on the no observed adverse effect levels for toxicity observed in animal studies in accordance with International Conference on Harmonization guidelines. Planned dose escalation was designed not to exceed a 3.3-fold increase in risdiplam plasma exposure. In both Cohorts 2 and 3, three subjects received 2.0 mg or 6.0 mg risdiplam under fasted conditions, respectively, whereas one subject per cohort received placebo. In Cohorts 4 and 6, three subjects received 18.0 mg risdiplam under fasted conditions, and one subject received placebo. Dose escalation was stopped with Cohort 4, when exposure levels approached the exposure cap. Additional subjects were added to the 18.0 mg dose group (Cohort 6) to better characterize the effect of risdiplam on SMN2 mRNA.
In Cohort 5, to study the effect of food, three healthy subjects received a single oral dose of risdiplam in the fed state, whereas one subject received placebo (Table 1) . A taste questionnaire was completed by each subject approximately 1 min after administration of the study drug on Day 1.
Part 3: itraconazole interaction
Based on preclinical data including preliminary PBPK simulations and emergent PK data from Part 1, subjects received a single oral dose of risdiplam, ensuring that the pre-exposure cap defined in Part 1 was not exceeded. In Period 1, subjects were administered a single oral dose of risdiplam (6.0 mg) 30 min after starting a standardized light breakfast (fed state) on the morning of Day 1. Following a wash-out period of approximately 14 days, subjects entered Period 2: itraconazole 200 mg was administered (as oral capsules, 30 min after food) twice daily (12 h apart) from Day 1-8; on Day 4 a single oral dose of risdiplam (6.0 mg) was concomitantly administered in the fed state. A DDI simulation with itraconazole was performed using PBPK modelling (Simcyp) with different scenarios of fraction metabolized (fm) by CYP3A.
Sample collection
In Part 1 and Part 3 treatment Period 1, venous blood samples were collected from each subject at predose and at regular intervals up to 216 h after dosing with risdiplam to assess the PK of risdiplam. Capillary blood samples were also collected at predose and regular intervals up to 48 h after dosing with risdiplam in Part 1. In Part 3 treatment Period 2, blood samples were collected from each subject regularly for up to 28 days after the last dose of risdiplam for PK analysis of itraconazole and risdiplam. Venous blood (2.0 ml) for itraconazole PK analysis was drawn into K2 EDTA vacutainer tubes (BD, 368841) and maintained on wet ice. Blood samples for risdiplam PK analysis (2.0 ml venous or 0.25 ml capillary) were drawn into vacutainer tubes containing K3 EDTA (venous: Greiner Vacuette, 454 087; capillary: Greiner MiniCollect, 450 476) and maintained on wet ice. All blood samples were centrifuged at 1500× g for 10 min (venous) or 3000× g for 30 min (capillary) at 4°C, within 30 min of collection then decanted into prelabelled sample tubes (itraconazole: Sarstedt, 60.549; risdiplam venous: Elkay, 8545AMX; risdiplam capillary: Sarstedt, 72.730.004 + 65.716.009) and stored frozen (at -70°C or colder) until analysis. Subjects enrolled in Part 1 of the study also had a 3.0 ml whole blood sample taken for DNA extraction to determine the copy numbers of SMN1 and SMN2. Blood samples for SMN protein quantitation and SMN mRNA analysis were taken at predose and regular intervals up to 144 h and 96 h, respectively.
For SMN protein quantification, 3.0 ml of blood were drawn into P700 tubes (BD vacutainer, 366 473) and maintained on wet ice before freezing for storage (at -70°C or colder after 1-2 h at -20°C) until analysis. For in vivo analysis of SMN mRNA, 1.25 ml of blood were drawn into PAXgene tubes (762165), left overnight at -20°C before storage (at -70°C or colder) until analysis. For ex vivo analysis of SMN mRNA, 6.0 ml of blood were drawn into sodium citrate tubes (BD vacutainer, 366 575) and stored at 37°C for a maximum of 30 min before analysis. These predose samples were spiked with stock solutions of risdiplam to achieve test concentrations of 24, 80 and 400 ng ml -1 of risdiplam. In Part 1, urine 
Assay description
Concentrations of risdiplam were quantified in human plasma and urine using a validated liquid chromatographymass spectrometry (LC-MS/MS) assay (Quantum triple stage quadrupole, Thermo Scientific; calibration range 0.250-250 ng ml -1 ). The lower limit of quantification was 0.250 ng ml -1 for both venous plasma and urine samples and 1.00 ng ml -1 for capillary plasma samples. The interassay precision (% CV) of quality control (QC) samples was ≤6.6% for plasma and ≤ 6.5% for urine. The interassay accuracy of the QC samples was 100.0-100.8% for plasma and 94.0-97.9% for urine.
Concentrations of itraconazole and its metabolites were quantified in human plasma using a validated LC-MS/MS assay [22] . The calibration range was 5.00-2500 ng ml -1 for itraconazole and hydroxy-itraconazole, and 0.400-200 ng ml -1 for ketoitraconazole and N-desalkyl-itraconazole.
The interassay precision (% CV) of the QC samples was ≤5.2% and the accuracy was 96.7-101.5% for itraconazole and its metabolites.
Safety assessments
Safety was assessed throughout the study based on adverse events (AEs), clinical laboratory parameters (haematology, serum chemistry, urinalysis), physical examination, vital signs (body temperature, blood pressure and pulse rate), and 12-lead ECGs. Owing to the retinal toxicity observed in preclinical studies of the related compound, RO6885247 [9], a number of ophthalmological assessments were also conducted (ophthalmological examination, fundus photography and auto-fluorescence, visual acuity tests, visual field test, optical coherence tomography).
PK analysis
PK parameters were calculated using noncompartmental methods (Phoenix WinNonlin Version 6.4; Certara, Princeton, NJ, USA). The C max and the time to C max were taken directly from the observed plasma concentration vs. time profiles. AUC-time curves were calculated using the linear log trapezoidal method over 24 and 120 h after risdiplam administration (AUC 0 -24h , AUC 0 -120h ) and extrapolated to infinity (AUC ∞ ).
PD analysis
Splicing modification of SMN mRNA. In Part 1, the effect of risdiplam on relative changes in SMN1, SMN2FL, and SMNΔ7 mRNA levels were determined in vivo using whole blood samples and multiplex real-time quantitative polymerase chain reaction (PCR) technology (Roche, Pleasanton, CA, USA) [23] . To determine the effects of risdiplam on SMN2 mRNA splicing modification over a wider concentration range (24-400 ng ml -1 ) than could be tested in vivo due to the exposure cap, predose blood samples were incubated at 37°C for 4 h with different concentrations of risdiplam (plus vehicle only and unmodified blood samples as controls). Individual relative changes in gene expression were calculated by subtracting the cycle threshold of the target gene from the reference gene as described previously [23] . The mean of all predose results was used as baseline and data were analysed using Phoenix WinNonlin version 6.4.
SMN protein.
In Part 1, the concentration of SMN protein was determined in whole blood samples taken from each subject via immunoassay as described previously [23] .
SMN copy number. Genomic DNA from whole blood was extracted and genotyped for gene copy numbers of SMN1 and SMN2 using a droplet digital PCR (ddPCR) SMN1 (#186-3500) and SMN2 (#186-3503) Copy Number Determination Kit (Bio-Rad Laboratories, Hercules, California, USA) on a ddPCR platform using an internal RPP30 gene standard. Copy numbers were quantified using standard controls for zero, one and two copies of SMN1, and two, three and four copies for SMN2 as provided by the kits [23] .
Statistical analysis supporting dose escalation decision
The dose escalation was based on the dual assessment of safety/tolerability and the PD effect. The modified CRM (mCRM) with control for the probability of over-dosing was used for the assessment of safety/tolerability. This part of the Bayesian framework has been described in detail previously [15, 16] . In addition, the mCRM was further modified to allow for the estimation of PD parameters by means of the following maximum effect (E max ) model with an additive error:
where ν denotes the Hill parameter, the residual errors ε i are normally distributed around 0 with variance of σ 2 s . E max was set to 1 based on the ex vivo SMN mRNA assay (at the maximum tested concentration of 400 ng ml -1 ), which served as a reference value for each individual subject. The priors chosen for the parameters were:
• a uniform distribution in the interval [0.2, 5] for ν • for log (ED 50 ) that ED 50 lies with~90% probability in the interval (1.5-60 mg), centred at~9 mg. A suitable choice is a normal distribution centred at log(9) and variance 1.12.
The decision to escalate to the next dose was made after reviewing all safety information up to 48 h, PK data over at least 24 h postdose and available and modelled PD data in at least four subjects in each cohort. Doses could have been repeated or adjusted downward on safety, tolerability, PK and/or PD observations at each dose level. Intermediate doses could also have been proposed to be investigated. Dose escalation would have been stopped if severe or clinically significant drug-related changes in vital signs, ECGs, laboratory abnormalities or AEs of the same type occurred in 50% or more subjects receiving risdiplam.
Statistical analysis for assessing dose proportionality
To test for possible deviations from dose proportionality and the effect of food, a one-way analysis of variance (ANOVA) model with factor dose group was repeatedly applied to the logarithmically transformed and dose-normalized PK parameters, C max and AUC ∞ . Least square means and 95% confidence intervals (CI) were derived for AUC ∞ , and C max of each dose level of risdiplam in Part 1.
Statistical analysis for assessing a food effect
One separate dose cohort (6.0 mg risdiplam) was treated after a standardized high-fat, high-calorie meal, and compared with the corresponding fasted cohort (3). An ANOVA model with the logarithmically transformed and dose-normalized PK parameters as dependent variables and food condition as an independent factor was applied. The geometric mean and 95% CIs for both food conditions (fasted and fed) were estimated.
Statistical analysis for assessing DDI with itraconazole
In Part 3, to assess the effect of itraconazole on the PK of risdiplam, a mixed-effects ANOVA model with independent variable treatment (risdiplam alone vs. risdiplam + itraconazole) and random effect subject was applied to the logarithmically transformed parameters, C max and AUC 0-∞. Under this model the geometric means:
where PK stands either for C max or for AUC ∞ , were obtained by exponentiation of the corresponding estimated differences from the ANOVA model.
Results
Subject demographics
In total, 25 subjects were included in the Part 1 PK/PD analysis and safety populations. In Part 3, eight subjects received risdiplam in Period 1. One subject withdrew during Period 2 due to a protocol violation before receiving risdiplam plus itraconazole, therefore the PK analysis and safety populations in Period 2 included seven subjects. Subject demographics are shown in Table 2 .
SMN genotype
All subjects had at least two copies of the SMN1 gene, with one subject having three. The copy number of the SMN2 gene was more variable (0-2), with two subjects having no copies, 10 subjects having one copy and 13 subjects having two copies of the SMN2 gene.
Taste questionnaire
Subjects reported similar overall taste intensity across the doses tested, and compared with placebo, however, the risdiplam oral solution was perceived to be more bitter for doses of 2.0-18.0 mg (Table 3) .
Safety assessments
Risdiplam was well tolerated in the fasted or fed state at single 0.6-18.0 mg doses in Part 1 and at the dose of 6.0 mg when coadministered with itraconazole in Part 3 of the study (Table 4) . No deaths, moderate or severe AEs, withdrawals due to AEs, or SAEs were reported. All AEs resolved within a short period without sequelae. Only two AEs were considered related to the study drug by the investigator: pollakiuria in the placebo cohort and headache in the 18.0 mg risdiplam (fasted) cohort; they were limited in duration and resolved spontaneously without sequelae. The most frequently reported AEs were headache (four subjects), abdominal pain (three subjects), diarrhoea (two subjects) and nasopharyngitis (two subjects). No clinically significant treatment-or dosedependent changes compared to baseline were observed in physical examination, vital signs, laboratory parameters or ophthalmological assessments. No individual post-dose QT value >500 ms and QTcF value >450 ms, with a change from baseline that was >30 ms, were reported. An exploratory analysis did not reveal any effect of risdiplam concentration on the ΔQTcF (data not shown).
Risdiplam pharmacokinetics
Mean risdiplam plasma concentrations vs. time profiles after administration of single ascending doses of risdiplam to healthy male subjects are presented in Figure 2A . Risdiplam exhibited linear PK over the 0.6-18.0 mg dose range, with both C max and AUC increasing in an approximate doseproportional manner. ANOVA provided no evidence to reject the null hypothesis of dose proportionality for both C max (P = 0.23) and AUC ∞ (P = 0.271). The apparent terminal elimination half-life of risdiplam was 40.1-68.7 h for 2.0-18.0 mg doses although the 0.6 mg dose exhibited a steeper decline with an apparent terminal elimination half-life of 24.8 h (Table 5 ). Urinary excretion of unchanged risdiplam was low, accounting for 3.6-4.3% of the dose range administered.
In Part 1, an exploratory comparison of Cohort 3 (fasted) and Cohort 5 (fed), suggested that food had no relevant effect on C max and AUC ∞ of risdiplam. Due to the limited number of subjects, no P-values are reported and these results should be interpreted with caution ( Figure 2B ). In Part 3, itraconazole had a minor effect on the PK of a single oral dose of risdiplam ( Figure 2C , Table 5 ), resulting in a slight increase of the AUC 0-120h (11%, 95% CI: 1-21%), and a slight reduction of the Cmax (9%, 95% CI: 1-18%). Risdiplam concentrations in capillary plasma were generally in good agreement with those observed in venous plasma, with slightly higher exposures in capillary plasma ( Figure 2D ).
Risdiplam PD
The two subjects (one from Cohort 3 and one from Cohort 5) with no SMN2 copies were excluded from risdiplam PD analysis.
SMN mRNA
Administration of single oral doses of 0.6-18.0 mg risdiplam increased SMN2FL mRNA and decreased SMN2Δ7 mRNA levels, which resulted in a dose-dependent increase of SMN2FL/SMN2Δ7 mRNA ratios ( Figure 3A) . SMN1 mRNA levels remained unaffected by risdiplam ( Figure 3B ). The risdiplam plus itraconazole. Therefore, the pharmacokinetic analysis and safety populations in Period 2 included seven subjects AE, adverse event; BID, twice a day; N/A, not applicable SMN2FL/SMN2Δ7 mRNA ratio appeared to be a sensitive biomarker to monitor the inclusion of SMN2 exon 7 and the effect of risdiplam, as it reduced the confounding effects of SMN2FL and SMN2Δ7 mRNA level fluctuations. The median time to maximum effect was reached at 4-8 h postdose, across all dose cohorts and food had a negligible effect on the splice modification effects of risdiplam ( Figure 3A) . The highest tested dose of 18.0 mg of risdiplam led to a 64% increase in SMN2FL mRNA as compared with baseline. The results from the ex vivo assay revealed that the mean fold increase in the baseline ratio of SMN2FL mRNA was 1.28, 1.86 and 2.13 at concentrations of 24, 80 and 400 ng ml -1 respectively ( Figure 3B ). Overall the results of the ex vivo assay were consistent with the in vivo SMN mRNA results.
Bayesian methods
Dose escalation was based on the dual assessment of safety/tolerability and the PD effect applied to a mCRM. As no DLEs were observed and risdiplam was safe and tolerated in all cohorts, the dose was escalated by approximately 3-fold to 2.0 mg and 6.0 mg. To comply with the prespecified individual subject exposure cap of 1500 h ng ml (Table 1) in the fasted state (n = 6 for risdiplam, and n = 2 for placebo), to adequately estimate PD parameters. The highest tested risdiplam dose of 18.0 mg led to a 46% (95% CI: 30-62%) placebo-corrected increase in SMN2FL mRNA. This corresponds to 41% (95% CI: 27-55%) of the maximum placebo-corrected increase in SMN2FL mRNA (where 100% is equivalent to the 113% increase in SMN2FL mRNA observed in the ex vivo experiments at a concentration of 400 ng ml -1 risdiplam, Figure 3B ). Statistical analysis revealed an ED 50 of approximately 20 mg risdiplam ( Figure 3C ) for the SMN2FL mRNA increase.
SMN protein
Administration of single oral 0.6-18.0 mg risdiplam doses did not lead to a change of SMN protein concentration in blood and did not reveal any dose-related changes ( Figure 3D ).
Discussion
This study demonstrated that single oral, 0.6-18.0 mg doses of risdiplam in the fasted or fed state were well tolerated. This further validates the use of an exposure-based cap derived from animal toxicity data in this single ascending dose study.
PD data indicated proof of mechanism for risdiplam and supported further development of the compound. In Part 1 (single ascending dose), the first cohort received a starting dose of 0.6 mg risdiplam in the fasted state, selected based on preclinical data and was well below the estimated therapeutic dose of 2-22 mg. The 0.6 mg dose was associated with little or no PD effect on SMN mRNA. For subsequent doses administered, all PK/PD and safety data were analysed in an adaptive manner to inform the decision to proceed to the next cohort. The second and third cohorts received 2.0 mg and 6.0 mg risdiplam in the fasted state, respectively. The fourth cohort was due to receive a dose of 20.0 mg (as predicted by the model algorithm); however, 18.0 mg (fasted) was chosen to ensure that no individual subject would exceed the exposure cap of 1500 h ng ml -1 and to investigate a broad range of concentrations for the assessment of the PD effect.
To investigate the effect of food (which was a requirement before investigating the interaction with itraconazole), Cohort 5 received a 6.0 mg dose of risdiplam in the fed state. As the variability of all PK parameters of risdiplam was low (CV% < 30% for C max and AUC 0-24h ) in the preceding dose levels (0.6 mg, 2.0 mg, 6.0 mg and 18.0 mg), a dedicated food effect part was considered unnecessary and a between subject comparison was justified. Finally, Cohort 6 also received an 18.0 mg (fasted) dose to better characterize the effect of risdiplam on SMN2 mRNA. This dose represented the highest exposure that did not exceed the exposure cap, though only around half of the maximum PD effect was achieved. Two subjects had no copies of SMN2 as has been described previously [3, 23] and were excluded from the PD analysis. Statistical analysis revealed an ED 50 of approximately 20 mg risdiplam for the SMN2 mRNA increase, assuming that the E max in vivo would be the same as the observed E max ex vivo. However, the E max on SMN2 mRNA has not been investigated in vivo and is fixed to the E max (+113%) of the ex-vivo SMN mRNA assay at a maximum tested concentration of 400 ng ml -1 . It is unknown if by increasing the dose, an increase in SMN2 mRNA of 113% could be achieved as was observed in the ex vivo assay. Peak PK/PD effect was observed approximately 5 h after the 18.0 mg dose. No obvious difference in the effect on SMN2 mRNA was observed between subjects with one or two copies of the SMN2 gene. However, the sample size was too small to make any conclusions. Consistent with evidence from animal studies [7] , the observed dose-dependent and concentration-dependent PD effect on SMN2 splicing provided proof of mechanism for the splicing modifier, risdiplam. However, no change in SMN protein concentration was observed. This was expected because, in healthy subjects, the majority of SMN1 mRNA is FL compared with only ~10% of SMN2 mRNA [24] . Therefore, after a single dose of risdiplam, only a minor effect on SMN protein was expected in healthy subjects, and this could even be masked by natural SMN protein level variability. The observed SMN2 mRNA changes suggest that risdiplam may increase SMN protein levels in patients with SMA. As the lack of SMN protein is thought to cause motor neuron degeneration and muscle atrophy, modifying SMN2 mRNA could lead to beneficial effects in patients with SMA [25] . Since risdiplam is both centrally and peripherally distributed, it has the potential to increase SMN protein throughout the body and could have beneficial effects that extend beyond the motor neuron [5] .
The study revealed favourable PK properties as linear PK were observed over the investigated dose range of 0.6-18.0 mg. Furthermore, there was no meaningful difference in PK in the fasted and fed state, implying that risdiplam can be administered with or without food. Risdiplam concentrations were similar between venous and capillary plasma; this may have important implications for minimizing the volume of blood sampling required, particularly in neonatal patients [26] such as those with Type 1 SMA or older patients in whom venous blood sampling may be a challenge.
Identifying the bitter taste of the risdiplam formulation used in this study was useful for developing an appropriate, artificially flavoured formulation for the ongoing study in paediatric patients [26] .
In this study, itraconazole was used to study potential DDIs. It is suggested, based on preclinical data, that risdiplam is mainly metabolized by flavin-containing monooxygenase (FMO). In contrast to cytochrome P (CYPs), FMO are not readily induced or inhibited by foreign chemicals and produce reaction products that are readily excretable [27] . Therefore, drugs that are metabolized predominantly by FMOs are less likely to elicit DDI and by extension, potentially harmful side effects [27] . Itraconazole had a minor effect on the intestinal and hepatic metabolism of risdiplam. The PBPK models indicated that the risdiplam fmCYP3A4 was approximately 20%, which would yield a ratio of 1.2 in AUC ∞ between risdiplam and itraconazole vs. risdiplam alone. Sensitivity analysis with a fmCYP3A4 of approximately 50% and 95% was predicted to result in a ratio of approximately 1.6 and 3, respectively. Taken together, these data suggest a low likelihood of clinically significant DDI with selective inhibitors and inducers of CYP3A enzymes.
The use of Bayesian adaptive design, while common place in EIH oncology trials, is an emerging area of interest in other therapeutic areas [15] . In our study, dose selection was set up to be successfully guided by a Bayesian adaptive design combining safety data (DLE occurrence) with a priori PK and PD data and the estimation of PD parameters with good precision (≤75%). As planned, adaptive dose selection, with a prespecified exposure cap, enabled us to prioritize safety and minimize exposure since dose escalation only occurred after review of safety, tolerability and available PK and PD data for the previous dose(s). Furthermore, Bayesian adaptive design enabled us to assign a greater number of subjects at more informative pharmacological dose levels than traditional methods while reducing the number placed on inactive doses. In the absence of DLEs, the dual Bayesian assessment was driven by the characterization of the PK/PD relationship. Based on data across all cohorts investigated, the dose/PD relationship could be described with sufficient accuracy in line with the predefined criteria PK/PD relationship (e.g. CV% from ED/EC 50 , ED/EC 90 e.g. ≤ 75%). Our experience with this study supports the use of Bayesian adaptive design principles in EIH trials for a wide range of indications as advocated elsewhere [15] .
The results and analysis of this study utilizing Bayesian adaptive methods were used for dose selection for subsequent studies with additional model-based analysis techniques (PBPK modelling, population PK and PK/PD analysis). Anticipated therapeutic risdiplam doses were determined and will be administered across all age ranges of SMA patients in the ongoing Phase 2/3 studies, comprising exploratory dosefinding and confirmatory parts [19] [20] [21] .
In addition to the issues associated with detecting SMN protein changes in healthy volunteers, our study has further limitations including the small sample size and lack of female subjects. Furthermore, this study only enrolled adult volunteers, while many SMA patients are infants or children [28] . Safety and tolerability data were limited to single-dose administration and data from multiple doses and long-term administration are required to further characterize R07034067. The exposure cap, while necessary, also limited our investigation of the full PK/PD relationship of risdiplam at higher doses. The taste of the risdiplam oral solution and completing the taste questionnaire had the potential to unblind both participants and the investigator. However, this was considered to be of minor concern for a Phase 1 study.
At present, there is only one approved treatment for SMA. Nusinersen is an SMN2-directed antisense oligonucleotide delivered centrally by intrathecal injection, recently approved by the Food and Drug Administration for the treatment of SMA in paediatric and adult patients, and by the European Medicines Agency for the treatment of 5q SMA [29, 30] . Nevertheless, there remain several unmet needs in the treatment of SMA. For instance, not all patients respond to nusinersen [31] and intrathecal administration has been associated with AEs, including headache, back pain, nausea and post-lumbar puncture syndrome and may be challenging in patients with SMA who frequently experience scoliosis [32] . Furthermore, some patients require anaesthesia and hospitalization when receiving drugs intrathecally; therefore, an oral formulation would offer greater convenience and reduced burden for patients and their families, and to the treating physicians and healthcare system [32] . In view of research suggesting that beyond the motor neuron, SMN depletion affects cells and tissues in the central nervous system and the periphery [5, [33] [34] [35] , there is also a need for a peripherally acting disease-modifying medicine for patients with SMA.
In conclusion, this study demonstrated that single doses of risdiplam were well tolerated at the doses tested. Bayesian adaptive design principles were successfully applied to enable more subjects to receive pharmacologically active doses, while reducing the number of individuals receiving inactive doses. Proof of mechanism of risdiplam was demonstrated by the intended shift in SMN2 splicing towards SMN2FL mRNA. Based on these data, three Phase 2/3 studies evaluating safety and efficacy of risdiplam in patients with Type 1 and Type 2/3 SMA, are currently ongoing and recruiting patients [19] [20] [21] . These studies, in a wide range of participants, will provide critical information regarding the potential therapeutic benefit of risdiplam for the treatment of patients with SMA.
